Introduction
The Permian-Triassic magmatic activity in Mongolia was contemporaneous with the final stages of consolidation of the Central Asian Orogenic Belt (CAOB) (Xiao et al. 2003) . The CAOB is a large mosaic of various geological terranes amalgamated between the Siberian Block in the north, the Tarim Block in the southwest and the Sino-Korean Block in the south (Hendrix et al. 1992; Sengör et al. 1993; Jahn et al. 2000; Dergunov 2001) . Suturing in the southern part of the CAOB proceeded eastwards from the latest Palaeozoic in the Tien Shan to the Triassic in Inner Mongolia (Xixi et al. 1990; Xiao et al. 2004 Xiao et al. , 2008 and was accompanied by intracontinental magmatic activity in the terranes accreted to the southern margin of the Siberia craton (Zhu et al. 2001; Zhang et al. 2008; Jahn et al. 2009 ). Yarmolyuk and Kovalenko (1991, 2001 ) assumed the existence of five linear systems controlled by large E-W oriented faults and related to Upper Palaeozoic igneous bimodal associations. These zones are (from south to north): Gobi-Tien Shan, Main Mongolian Lineament, Gobi-Altay, North Gobi and North Mongolian-Transbaikalian (Fig. 1 inset) . These structures represent the parts of the Asian rift system .
Lower Permian volcanic and volcano-sedimentary rocks and associated granitoids of the Shar Oroy Massif crop out in the Khar Argalant mountain range (Fig. 1a) at the northern rim of the Gobi Altay. The area is in the southwestern part of the CAOB and to the north of the Main Mongolian Lineament (Tomurtogoo 1997) which separated tectonostratigraphic zones formed during the Variscan orogeny in the south from Cadomian/ Caledonian blocks in the north (Zaitsev et al. 1970; Zonenshain 1973; Markova 1975; Ruzhentsev 2001; Badarch et al. 2002) .
This paper presents new geochronological and geochemical data from the Permian bimodal volcanoplutonic association in the western Gobi-Altay rift zone (Fig. 1a) . We also discuss inconsistencies in the lithological subdivision of the Permian volcanic and volcano-sedimentary formations in the Khar Argalant mountain range. Study area is located in southwestern Mongolia, about 670 km southwest of the capital Ulaanbaatar.
Geological setting
The Permian rift-related volcanic rocks in western GobiAltay range were firstly described by Yarmolyuk (1983) . The Delger Khangay, Khar Argalant and Butnaa Khudag formations were distinguished in the geological maps by Rauzer et al. (1987) and Hanžl and Aichler eds. (2007) . These volcano-sedimentary and sedimentary formations cover the Neoproterozoic to Early Palaeozoic rocks of the Lake Zone in its easternmost exposures. The Lake Zone consists of the Proterozoic to Palaeozoic, slightly metamorphosed volcano-sedimentary sequences, which alternate in a tectonic mosaic with highly metamorphosed rocks as well as the oceanic crust relics. The evolution of the Lake Zone culminated in the formation of the lower Palaeozoic island arc (Lamb and Badarch 2001; Badarch et al. 2002) .
The Lake Zone in the area of interest is built by the Cambrian limestones, Neoproterozoic medium-grade metamorphic rocks of the Zamtyn Nuuru Crystalline Complex, Neoproterozoic ophiolite (Khan Taishir Fm.) and high-grade metamorphic rocks of the Tsakhir Uul Crystalline Complex (Hanžl and Aichler eds. 2007; Hrdličková et al. 2008; Kröner et al. 2010; Lehmann et al. 2010; Štípská et al. 2010) . The volcanic and sedimentary rocks in the Khar Argalant Mts. were intruded by the Shar Oroy granitoid Massif coeval with the Permian volcanic rocks (Borzakovskii et al. 1985) . While the Delger Khangay and Khar Argalant formations are volcanic complexes with subordinate sedimentary layers, the Butnaa Khudag Fm. has a molasse character and discordantly covers the volcanic rocks (Fig. 1b) . Permian sequences in the Khar Argalant Mts. are overlain by Mesozoic sediments with sheets of basaltic lavas and rhyolitic agglomerates in the E and W and are restricted by Cenozoic faults in the N and S.
Analytical techniques
We took 48 samples (Tab. 1), which show variations in the chemical composition as well as mineralogical and Zircons from granite sample H0420 were analysed for U, Th and Pb isotopes by laser-ablation ICP-MS at Goethe-University Frankfurt, using a Thermo-Finnigan Element II sector field ICP-MS coupled to a New Wave UP213 ultraviolet laser system Zeh 2006, 2009) . Laser spot sizes varied from 20 to 40 μm and were placed based on the SEM and CL images of the individual grains. The ablation crater has a typical depth of ~20 μm. Twenty-five analyses were carried out on 25 grains including all the different types of oscillatory zoning.
The selected samples were analysed for the Sr and Nd isotopic compositions in the laboratories of the Czech Geological Survey. Samples were dissolved using combined HF-HCl-HNO 3 decomposition. Strontium and bulk REE were separated by cation-exchange chromatography using BioRad AG-W X8 resin loaded into quartz columns. Neodymium was further separated on quartz columns with S-X8 Biobeads coated with HDEHP (Richard et al. 1976 values were obtained using the Bulk Earth parameters of Jacobsen and Wasserburg (1980) . Electron microprobe analyses (EMPA) were performed on the Cameca SX-50 instrument in the Joint Laboratory of Electron Microscopy and Microanalysis of Masaryk University and the Czech Geological Survey (Brno, Czech Republic), by R. Čopjaková. A wavelength-dispersion mode with a beam diameter of 4-5 µm, accelerating potential of 15 kV and sample current of 20 nA were used for Si, Al, Ti, Fe, Mn, Mg, Ca, Na and K. A higher current of 40 nA was employed for Zn, F and P; the counting time was 20 s for all the elements. The following standards were used (K α X-ray lines): diopside (Si, Ca), kyanite (Al), fayalite (Fe), rutile (Ti), pyrope (Mg), spessartine (Mn), albite (Na), orthoclase (K), fluorapatite (P, F) and gahnite (Zn).
The paleontological data are based on findings collected during the fieldwork of the Czech Geological Survey expedition (Hanžl and Aichler eds. 2007 ).
Geology

Delger Khangay Formation
The Delger Khangay Fm. was described by Mosiondze (in Zabotkin ed. 1983) as an Upper Permian complex in the NW-SE belt exposed between the Arslan Khayrkhan Mt. and Dugan Tolgoi Mt. The unit is separated in the SW from the Khar Argalant Fm. by a fault. The footwall of volcanic rocks is formed by the rocks of the Neoproterozoic Khan Taishir Fm. Conglomerates of the Butnaa Khudag Fm. occur in the hanging wall (Fig. 1b) . A granite apophysis of the Shar Oroy Massif intruded the Permian volcanic rocks (Fig. 2a) in the northern and eastern parts of the Khar Argalant mountain range. The volcanic complex as well as the Shar Oroy Massif was intruded by a number of basaltic to rhyolitic dikes.
According to Rauzer et al. (1987) , the Delger Khangay Fm. is of Lower Permian age. Bedding planes in tuffaceous parts of the formation exhibit a very variable orientation. They are flat to moderately inclined without a preferred orientation. Lithologies are exposed in irregular NE-SW to E-W trending belts. The boundaries between different types of volcanic rocks are usually gradual.
Sedimentary and epiclastic volcanic rocks
Sandstones and conglomerates are exposed only in the northern part of the Khar Argalant mountain range and probably represent the upper part of a volcanic sequence c. 150-200 m thick (Fig. 1b) . The sandstones are grainsupported, often with clay or calcite porous cement. Most quartz and plagioclase detrital grains are angular; subrounded to rounded quartz grains were also found. In some places, the sandstones alternate with rhyolitic tuffs. Conglomerates with subangular to rounded clasts of acid volcanic rocks are present in the lower part of the sequence. The beds of red sandstones passing gradually into red marlstones and nodular limestones are exposed in the hanging wall. Fine-grained muddy limestones are poorly bedded with characteristic nodules up to 20 cm in size.
Epiclastic volcanic rocks consist of medium-to finegrained matrix-supported tuffaceous sandstones, often with layers of laminated siltstones (Fig. 2b) , conglomer- ates and reworked tuffs. Tuffaceous sandstones also occur as lenses among amygdaloidal basalts. Epiclastic volcanic rocks are poorly sorted and contain common angular to subangular clasts of trachybasalts and rhyolites and also quartz and/or feldspar grains. The tuffaceous matrix is very fine-grained and volcanic ash locally predominates. Volcanic glass in the matrix is almost completely replaced by clay minerals, limonite, and chalcedony.
Volcanic rocks
Acid to intermediate igneous rocks are mainly exposed in a NW-SE, up to 800 m thick belt in the central part of the Khar Argalant mountain range. Rhyolites form lava flows and domes from a few metres up to a few tens of metres thick (Fig. 2a) . They are spatially related to a belt of amygdaloidal basalts along the boundary with the Khar Argalant Fm. Rhyolites are grey, white or reddish, locally finely laminated, porphyritic rocks. Alkali feldspars and/or quartz phenocrysts are euhedral to subhedral. The very fine-grained felsitic groundmass consists of feldspars, quartz and clay minerals. Granophyric textures (intergrowths of quartz and potassium feldspar) or spherulites ( Fig. 2c ) are locally present. Porphyric trachyte lava flows are often present and alternate with layers of ignimbrites.
Ignimbrite typically contains a moderate to low content of plagioclase (10-25 vol. %) and/or euhedral quartz crystals (5-30 vol. %), with common angular to subrounded lithic clasts. The vitreous matrix usually displays welding or flow fabric, with local several cm thick unwelded layers on the top of the ignimbrite flows.
Trachyandesites to basaltic lavas predominate in the Delger Khangay Fm. Trachyandesites are composed of plagioclase phenocrysts set in a fine-grained groundmass of microcrystalline plagioclase and chlorite and/or glass. Plagioclase phenocrysts are maximally a few cm in size, locally oscillatory zoned and partially altered. Amygdales up to 3 cm in diameter are filled with quartz, carbonate, chalcedony, clay and chlorites. Basalts are fine-grained and commonly showing porphyritic or ophitic textures (Fig. 2d) . Olivine is often present as phenocrysts (partially resorbed and replaced by the minerals of the serpentine group). Lath-shaped plagioclase crystals are enclosed in pyroxene or amphibole. Plagioclase is occasionally altered and saussuritized. Pyroxene is partially chloritized. Volcanic glass is often replaced by secondary minerals.
Basaltic tuffs form up to 2 m thick layers in the basalt to trachyandesite lavas, mainly along the contact with the Khar Argalant Fm. Basaltic tuffs are very fine-grained with pyroxene, biotite or plagioclase phenocrysts or medium-grained showing pyroclastic textures (lapilli, volcanic ash and lithic fragments). Pyroxene is partly replaced by amphibole.
Khar Argalant Formation
The rocks of the Khar Argalant Fm. form the SW slopes of the Khar Argalant mountain range. They discordantly cover the Neoproterozoic to Cambrian rocks of the Lake Zone. The NW-SE trending fault zone overprints the contact with the Delger Khangay Fm. Rauzer et al. (1987) described a stratigraphical contact of formations, whereby the Delger Khangay Fm. rests upon the Khar Argalant Fm. concordantly but with washouts. The thickness of the formation is estimated to be up to two kilometres.
Early/Middle Permian age was determined in layers of tuffaceous siltstones in the NW part of the formation by the flora remains (Rufloria ? sp., seeds of Cardiocarpus sp. -probably belong to the foils of Rufloria, remains of horsetails Annularia cf. undulata, Annularia sp., Calamites sp. etc., see Fig. 3a -d).
Bedding planes are predominantly NW-SE oriented, with medium to steep dips to the NE and SW. These orientations suggest folding of the rocks into large open folds. Cleavage is WNW-ESE striking and subvertical. Fold axes gently plunge to the WNW.
Sedimentary and epiclastic volcanic rocks
Sedimentary and epiclastic volcanic rocks are exposed in the Khar Argalant Fm. as intercalations, several meters thick, between lava flows. They occur most commonly in the NW part of the unit. Epiclastic volcanic rocks of variable colours are represented by tuffaceous sandstones ranging to finely laminated tuffaceous siltstones with layers of arkose sandstone to siltstone. The contacts between the different types of volcano-sedimentary rocks are gradual. The fine-grained tuffaceous sandstones contain lenses and thin (a few cm thick) beds of coal and coal-bearing siltstones with common flora relics. Tuffaceous siltstones contain small fragments of altered volcanic glass and subangular quartz or quartz-feldspar aggregates. Poorly sorted arkoses contain mainly plagioclase grains. Felsic rock fragments and quartz are much less abundant. Conglomerates are clast-as well as matrix-supported, forming layers up to several metres thick. Prevailing clasts of acid lavas and ignimbrites (25-40 vol. %) and quartz (30-35 vol. %) are subangular to rounded shape. Rounded limestone (0-25 vol. %), basic volcanic rocks (0-18 vol. %) and sandstone (0-5 vol. %) pebbles are locally present.
Lahars are common in the NW part of the unit. They are thickly bedded and clast-supported. Angular fragments consist of andesitic basalts, rhyolites, dacites and fine-grained granophyric to porphyritic subvolcanic gran- ites. Andesite and rhyolite form angular to subangular lithic fragments up to 150 cm in diameter. Fragments of devitrified volcanic glass are enclosed in a fine-grained clay-rich matrix. The individual debris flows are usually inversely graded with volcanic sandstones and mudstones near the base. Tuffaceous sandstones are medium-grained rocks containing tuffaceous matrix with subangular clasts of volcanic rocks and feldspars. Mudstones are very fine-grained, clay-rich, usually strongly altered by carbonatization and sericitization.
Volcanic rocks
Trachybasalt to trachyandesite are predominant in the Khar Argalant Fm. They usually form lava flows and clinkers up to several metres thick, alternating with the layers of pyroclastic rocks. Coarse-grained porphyritic trachybasalts to trachyandesites usually occur in the central part of the lava flows, surrounded by a finegrained margin. Euhedral to subhedral phenocrysts of plagioclases and rare K-feldspars are partially replaced by secondary minerals (carbonate and/or clay minerals). The matrix is usually pilotaxitic, vitrophyric or ophitic. Volcanic glass is altered to clay minerals. Amygdales up to 1 cm in size are filled with quartz, carbonate and chlorite.
Rhyolites form up to 2 m thick lenses and dikes in the epiclastic rocks. They are mostly light grey aphanitic with vitrophyric groundmass and with alkali feldspar phenocrysts and/or alkali feldspar spherulites. The rocks are in places strongly silicified and kaolinized.
Pyroclastic flows are very common and form several meter thick layers sometimes alternating with lava flows and/or epiclastic volcanic rocks. Locally preserved unwelded to weakly welded rhyolite to trachyandesite ignimbrites contain altered glass shards exhibiting some degree of compaction. Phenocrysts of K-feldspars, plagioclases, biotites and lithic fragments (trachytes) are common in the devitrified matrix. Welded ignimbrites with a predominance of fiamme and small abundances of feldspar ( Fig. 2e) and/or biotite crystals and lithic fragments are occasionally present.
Butnaa Khudag Formation
The Butnaa Khudag Fm. is exposed on the SE slopes of the Khar Argalant mountain range (Fig. 1a) . The sedimentary rocks are preserved in a brachysyncline in the hanging wall of the Delger Khangay Fm. (Fig. 1b) . The syncline axis is oriented nearly E-W and is cut by a fault in the west. The maximum thickness of conglomerates is from 800 to 1000 m. The late Early to the early Late Permian age was determined by poorly preserved terrestrial flora. The Early/Middle Permian age was established by the finds of the leaves of cordaitoid Rufloria ? sp. (see Fig. 3e-f) , and the horsetails Calamites sp.
Conglomerates with layers of tuffaceous sandstones, siltstones and marls forming a well-bedded rhythmic sequence constitute the main part of the unit. Single beds of conglomerates show the thickness up to 10 metres. The conglomerates (Fig. 2f) are matrix supported, well sorted. The well rounded clasts ranging from coarse sand to pebbles are mostly composed of acid igneous rocks (biotite to amphibole-biotite granitoids account for 19-22 vol. %, rhyolite to trachyte lavas and ignimbrites 49-59 vol. %, quartzite and quartz 11-6 vol. %). Basic and intermediate volcanic clasts are usually subordinate (basalt to andesite 3-5 vol. %) and sandstone clasts (2-7 vol. %) are sometimes present. Layers of tuffaceous siltstones, sandstones and marlstones with thin beds of coal-bearing siltstones are exposed in the southern limb of the syncline. Within this complex are locally present layers, up to several cm thick, of fine-grained pyroclastic fall deposits, occasionally hyalocrystalline.
Shar Oroy Massif
The Shar Oroy Massif crops out as a few individual bodies inside the Khar Argalant mountain range. The largest oval exposure occurs in its eastern part. Relics of older volcano-sedimentary complexes (amphibolites, metagabbros, metavolcanic rocks, marbles and gneisses) are seen in roof pendants of the intrusion in the northern and north-eastern parts of the intrusive body. Tectonic slices (Fig. 4a) of white, medium-grained marbles up to several tens of metres thick occur along the boundary between the granites and the basalts of the Delger Khangay Fm. at the eastern margin of the body. The marble is partially silicified but lacks the minerals typical of contact metamorphism.
Granites ranging to syenite compositions are the predominant rocks in the massif and are designated as the felsic group. Mafic microdiorite enclaves (Fig. 4b) and small gabbro and diorite bodies, as subordinate, are widespread throughout the massif and are classified as the mafic group. The Shar Oroy Massif is penetrated by the basalt dikes of at least two generations. Dikes of diorite and granodiorite are rare.
The structures along the contact of the intrusive rocks with the Permian volcanic rocks of the Delger Khangay Fm. suggest cogenetic relationships between these rocks. This is documented by basalt dikes (with similar chemical composition as volcanic rocks Delger Khangay Fm.) that crosscut granite as well as rhyolite enclaves in the granite.
Felsic group
The reddish grey, medium-grained, scarcely porphyritic biotite granites predominate in the Shar Oroy Massif. The contacts with other magmatic rocks are sharp. They consist of quartz, partially chloritized biotite, sericitized and/or kaolinized plagioclase (albite to oligoclase) and alkali feldspars (Fig. 4c) . Typical accessory minerals are ilmenite, apatite and zircon. Granophyric textures are sometimes preserved.
Biotite and amphibole-biotite syenite and granodiorite form smaller igneous bodies in the central and western parts of the Khar Argalant mountain range and also xenoliths in the prevailing granites of the Shar Oroy Massif. They consist of partially altered (sericitized, kaolinized) euhedral to subhedral plagioclase (albite to oligoclase) and subhedral alkali feldspar. Plagioclase displays oscillatory zoning; rarely are present resorbed cores or internal zones. The majority of samples contains less than 10 vol. % of anhedral quartz. Biotite flakes prevail over green-brown amphibole; both are partially replaced by chlorite. Amphiboles form grains of subhedral to anhedral shapes of mostly magnesiohornblende (X Fe = 0.66-0.68, Si = 6.88-7.08 apfu), locally rimmed by the needles of younger actinolite (X Fe = 0.72-0.74, Si = 7.56-7.82 apfu). Typical accessories are titanite, apatite and allanite. Epidote and clinozoisite are characteristic secondary minerals. The syenite was locally deformed along several dm to cm thick shear zones shown by deformed feldspars, recrystallization of quartz and its undulatory extinction in thin sections.
Mafic group
Amphibole diorites and pyroxene-olivine gabbros are exceptionally exposed in bodies up to 1 km in diameter but enclaves up to several metres across randomly distributed through the massif are relatively common. Mafic enclaves up to several metres in diameter also form ball and pillow structures in the medium-to coarse-grained granite and granodiorite (Fig. 4b) . The contacts of dioritic and gabbroic (medium-to fine-grained) enclaves to the felsic matrix are sharp. Gabbros of the larger bodies are medium-to coarse-grained, dark grey rocks. They are composed of subhedral tabular crystals of plagioclase (andesine to labradorite) that exhibit more or less continuous normal zoning. They are partly saussuritized. Amphiboles form subhedral crystals. A minority of the studied samples contains clinopyroxene partly replaced by actinolite. Chloritized biotite is rare. Small grains of epidote and clinozoisite are of secondary nature. Apatite and opaque minerals are common accessories. Olivinepyroxene gabbros are rare; their olivine is partly replaced by serpentine minerals (Fig. 4d) .
U-Pb LA-ICP-MS zircon dating and Sr-Nd isotopic compositions
Biotite granite (sample H0420) is characterized by clear and colourless, short prismatic to equant zircon grains or grain fragments 200-600 μm in size. The CL images display fine to coarse oscillatory zoning as well as sector zoning, and sometimes a more luminescent outer domain (Fig. 5a) and Norry (1979) as within-plate basalts (Fig. 6c) . They correspond to calc-alkaline basalts (Fig. 6d) , showing the characteristic continental fingerprint in the Th-Hf/3-Ta diagram (Wood 1980).
Intrusive rocks
Major-and trace-element analyses are given in Tab (Fig. 7) . Trace-element signatures, according to Pearce et al. (1984) and Pearce (1996) , indicate a post-collisional character of the granitoids (Fig. 6b) . Chondrite-normalized REE patterns (Boynton 1984; Fig. 8 ) exhibit LREE fractionation (La N /Yb N = 7-20). Syenite samples (Eu/Eu* = 1.3-1.8) and most of diorites to gabbros (Eu/Eu* = 0.9-1.2) display positive or weak negative Eu anomalies in contrast to sizeable negative Eu anomalies of granites (Eu/Eu* = 0.5-0.8). The Rb/Sr ratios range between 0.29 and 3.54 for the granite, 0.06-0.11 for the syenite and 0.03-0.04 for the diorite up to gabbro. In the primitive-mantle normalized spidergram (Fig. 9) , the mafic plutonic rocks exhibit patterns very similar to those of volcanic rocks. Felsic plutonic rocks are depleted in Ti and also show Nb, Ta, HREE and Y contents lower than the bulk continental crust (Taylor and McLennan 1995) (Fig. 10) . Felsic plutonic samples from Shar Oroy Massif contain less LILE and HFSE than the felsic volcanic rocks (Fig. 10) . In general, relative LILE enrichments and troughs in Nb, Ta, Sr, and Ti characterize patterns for both groups.
Discussion
Magmatic evolution of volcanic and plutonic rocks
Volcanic rocks of the Khar Argalant and Delger Khangay formations as well as plutonic rocks of the Shar Oroy Massif are very similar in terms of their chemical compositions (Figs 7, 9 ). Multi-element primitive-mantle 6. Geochemistry
Volcanic rocks
The whole-rock chemical compositions (Tab. 4) of the Permian volcanic rocks from the Khar Argalant and Delger Khangay formations exhibit many similarities. They have typical high variability of K 2 O (0.4-6.3 wt. %), with K 2 O/Na 2 O ratios ranging between 0.2 and 1.6. The rocks plot close to the boundary between the subalkaline and alkaline associations (Irvine and Baragar 1971) and can be subdivided into two groups based on the TAS (Le Bas et al. 1986 ) classification (Fig. 6a) . The first group (mafic volcanic rocks containing SiO 2 between 44 to 58 wt. %) correspond to basalts, trachybasalts, basaltic trachyandesites, basaltic andesites, trachyandesites; the second group (silica-rich felsic igneous rocks, 59-80 wt. % SiO 2 ) includes predominantly trachytes, trachyandesites and rhyolites.
In the Harker diagrams, the rocks of the first group exhibit negative correlations of SiO 2 with TiO 2 , FeO tot , MgO and CaO, and positive one with the Na 2 O contents (Fig. 7) . The REE patterns are very similar for the rocks of the Delger Khangay and Khar Argalant formations. They are enriched in LREE (La N /Yb N = 4.8 to 13.4), with small negative or positive Eu anomalies (Eu/Eu* = 0.7-1.1, Fig. 8 ). The primitive-mantle normalized spidergram (Sun and McDonough 1989, Fig. 9 ) indicates slight enrichment in large-ion lithophile elements (LILE; e.g. Cs, K, Ba, Pb) and relatively low content of Nb in the mafic group.
Rocks of the second -felsic group are metaluminous to peraluminous (A/CNK = 0.88-1.44). Variation diagrams indicate linear negative correlations of SiO 2 with TiO 2 , Al 2 O 3 , FeO tot , Na 2 O, Ba, and a positive correlation with Rb (Fig. 7) . Wide ranges of Al 2 O 3 (10.8-17.0 wt. %), K 2 O (1.4-6.3 wt. %) and Na 2 O (2.9-6.8 wt. %) are characteristic. Chondrite-normalized REE patterns (Fig. 8) are relatively flat in the HREE and enriched in LREE (La N /Yb N = 3.2-14.6). Trachytes and rhyolites of the Khar Argalant Fm. are characterized by variously developed negative Eu anomalies (Eu/Eu* = 0.1-0.9), in general deeper than in the Delger Khangay Formation (Eu/Eu* = 0.3-1.0). Rocks of the felsic group are enriched in LILE (mainly Rb and K), Th, U and REE and depleted in Sr and Ti compared with the bulk continental crust (Fig. 10 , Taylor and McLennan 1995) .
The chemical composition of the dikes cutting the Shar Oroy Massif is similar to that of the volcanic rocks (Fig. 7) .
Rhyolites have mainly intraplate or post-collisional characteristics (Fig. 6b) according to the classification of Pearce et al. (1984) and Pearce (1996) . Basic rocks can be classified in the discrimination diagram of Pearce normalized spider boxplots show negative Nb, positive Pb anomalies and other features characteristic of all types of mafic igneous rocks, indicating probably analogous sources and evolutions of the parental magmas (Fig. 9) . The basic rocks have Nb/U ratios of 2-21, i.e. close to the continental crust but lower than MORB or OIB (Fig.  11a) . Low Nb contents are typical of many continental flood basalts (Arndt and Christensen 1992) . High La/Nb and low La/Ba (Fig. 11b) are comparable with compositions of basic volcanites given by Zhang et al. (2008 Zhang et al. ( , 2011 , which were interpreted as a product of partial melting of metasomatized asthenospheric mantle in a post-collisional extensional regime (Zhang et al. 2011) . studied mafic rocks indicate high degrees of partial melting of an asthenospheric mantle (e. g. Zhou et al. 2004 ).
The basalts contain phenocrysts of amphibole, plagioclase, clinopyroxene and sometimes olivine (or pseudomorphs after this mineral) significant for constraining the fractional crystallization of the parental mantle melts. Negative correlations of SiO 2 with MgO, Ni and CaO (Figs 7, 11c) in basic rocks of the Shar Oroy Massif (predominantly amphibole gabbros and diorites) can be explained by amphibole and/or clinopyroxene fractionation (locally also olivine).
Some rhyolites and trachytes display A-type geochemical characteristics, with characteristic enrichment in Ga, Zr, Nb, Ce and Y (1000×Ga/Al > 3, Nb > 20, Ce > 100, Zr > 300; Whalen et al. 1987) . Syenite samples also have high Zr contents (240-805 ppm; Fig. 11d ) and elevated Ce (81-90 ppm) with . But on the other hand, most of granite and rhyolite samples show igneous-arc signatures such as low abundances of Y + Nb (Pearce et al. 1984; Fig. 10 Sun and McDonough (1989) , upper and lower continental crust (UCC and LCC) after Rudnick and Gao (2003) . c -Binary plot log (Ni) vs. SiO 2 . d -Binary plot log (Rb/Sr) vs. log (Sr); the up to 45% fractional crystallization trend for felsic rocks was modelled with r = 0.2 in 5% increments (fractionating assemblage of 60 % Ab and 40 % Kfs); the dashed line represents a simple magma mixing trend calculated using chemical compositions of a gabbroic enclave (H1182b) and its host granite (H1182a). e -CIPW normative Ab-Or-Qtz triangle; lines and grey squares are respectively cotectic lines and eutectic minima at 1, 2, 5 and 10 kbar for granitic melt under H 2 O-saturated conditions (Johannes and Holtz 1996) . f -ε i (Pearce 1996) . A post-collisional volcanic complex with comparable age, chemical and isotopic compositions was described by Zhang et al. (2008 Zhang et al. ( , 2011 from the Xilinhot area in central Inner Mongolia (North China). The Shar Oroy granites plot near the low-pressure thermal minimum on the normative Qtz-Ab-Or diagram of Johannes and Holtz (1996) , which indicates a shallow level of intrusion (Fig. 11e) . The CHUR-like isotopic compositions (Fig. 11f) (Fig. 7) points to plagioclase, K-feldspar and biotite fractionation. The majority of the granites with high Rb/Sr ratios can be modelled by removing less than 50 wt. % alkali feldspars (albite and Kfeldspar) from Sr-rich granite sample (H1182a, Fig. 11d ). Feldspars are dominant minerals in the felsic rocks. Syenites have more than 70 vol. % (K-feldspar ~ 30 vol. % and albite to oligoclase ~ 40 vol. %) and granites 45-62 vol. % of alkali feldspars (K-feldspar forms 20-35 vol. % and albite to oligoclase 25-38 vol. %). Wide variation in modal composition and small contents of micas (15-5 vol. %) indicate significance of alkali feldspar during fractional crystallization of the felsic rocks. The up to 45% fractional crystallization trend for felsic rocks was modelled with r = 0.2 in 5% increments (fractionating assemblage of 60 % Ab and 40 % Kfs).
The genesis of felsic magmas can be often linked to the magmatic underplating (Huppert and Sparks 1988; Bonin 2004) . The attendant magma mixing of basic and acid igneous rocks causes textural and geochemical heterogeneities (e.g. Sparks et al. 1977; Gamble 1979; Janoušek et al. 2004a; Słaby and Martin 2008) , similar to those observed in some parts of the Shar Oroy Massif (e.g. mafic microgranular enclaves, presence of resorption zones in plagioclase phenocrysts, high Ni content in the some felsic rocks). Mafic microgranular enclaves, exposed in studied granitoids, are explained by mixing/mingling processes involving mafic and felsic magmas (e.g. Vernon 1984; Didier and Barbarin 1991; Barbarin 2005) . Mantle melting would produce magmas with relatively high mg-number and high Ni contents (Fig. 7) . Hyperbola-like (Fig. 11c-d ) magma mixing trends are generated for log(Ni) versus SiO 2 and log(Rb/Sr) versus log(Sr) plots. However in this case is mixing trend modified by fractional crystallization (Fig. 7) . Simple magma mixing trend for plutonic rocks was calculated using chemical compositions of gabbroic enclave (H1182b) and host granite (H1182a).
Permian post-collisional bimodal magmatism was commonly ascribed to continental rift settings (Mazzarini et al. 2004 ) and its products are frequently encountered in the Mongolian segment of the CAOB (Kovalenko et al. 2006; Yarmolyuk et al. 2008; Zhang et al. 2008; Jahn et al. 2009 ). The crustal extension most likely caused a thermal and mechanical instability of the thickened lithosphere (Marotta et al. 1998 ) during the early stages of post-collisional evolution in this part of the CAOB, accompanied by extensive crustal anatexis.
Age and stratigraphic relationships
The Khar Argalant and Delger Khangay formations are of the Early to early Late Permian age as shown by fossils. All the flora remains indicate uniform, low diversity association of dry to intermediate climatic conditions, comparable with the "Cordaitean taiga" described in Siberia and amalgamated regions (Durante 1995; Chumakov and Zharkov 2002 ; for a rather questionable alternative viewpoint, see also Krassilov 2000) or Rufloria-Cordaites associations sensu DiMichele et al (2001) described in Siberia (Angara). All the studied vascular plant remnants belong to typically terrestrial associations. On the basis of their generic composition (dominant Rufloria with associated Cardiocarpus, Cordaites, Calamites and Annularia), these indicate a rather dry to intermediate environment (intramountain depressions?) of the temperate to cold climatic zone. The affinity of all these plant communities to the Siberian "Cordaitean taiga" may suggest a certain paleogeographical proximity (or even amalgamation) of the studied area to this continental block already in the Early Permian times (see Chumakov and Zharkov 2002 p. 593; cf. Cocks and Torsvik 2007) .
The volcanic rocks are coeval with the granitoids of the Shar Oroy Massif whose emplacement was dated to 285 ± 1 Ma. This age is slightly younger than the data of Yarmolyuk et al. (2008) from the granitic massifs related to the Main Mongolian Lineament rift zone. The Adz-Bogd Massif in western Mongolia yielded 294 ± 5 Ma, the Mandakh Massif in eastern Mongolia 292 ± 1 Ma and the alkaline Khan Bogd Massif in eastern Gobi also gave a similar age of ~290 Ma (Kovalenko et al. 2010) . Evidence of the Early Permian age was also described from the Variscan Gobi-Tien Shan Pluton. A granodiorite sample of its western part yielded an age of 299 ± 8 Ma and a leucogranite from the centre 288 ± 15 Ma . On the other hand, granites of the Tost and Noen ridges related to the Gobi-Tien Shan rift zone are slightly older (318 ± 1 and 314 ± 5 Ma; Yarmolyuk et al. 2008) . This corresponds to the idea of Yarmolyuk et al. (2001 and 2005) , according to which the rift-related magmatic activity in western Mongolia migrated from the south to the north.
The volcanic activity ceased during the early Late Permian age. Clastic continental sedimentary rocks (mollasse) of the Butnaa Khudag Fm. onlap onto the volcanic rocks. The composition of well-rounded pebbles in the conglomerate indicates derivation from both volcanic and plutonic rocks. Clasts of granites and diorites (petrographically very similar to those of the Shar Oroy Massif) in the Butnaa Khudag Fm. conglomerate confirm erosion and exhumation along normal faults (Fig. 4a) of the Shar Oroy Massif during the Late Permian.
Conclusions
The Lower Permian volcanic and plutonic system in the area of the Khar Argalant Mts. belongs to the western part of the Gobi-Altay Rift.
Two Lower Permian volcanosedimentary complexes have been distinguished. (1) The Delger Khangay Fm. includes various textural types of volcanics, such as lavas, tuffs, ignimbrites, lahars and agglomerate tuffs, i.e. products of subaerial volcanic activity. Sills and dikes of trachytes and lava domes of strongly altered rhyolites are characteristic members of the unit. Sedimentary rocks are subordinate. (2) The Khar Argalant Fm. consists of a sequence of pyroclastic rocks, tuffaceous conglomerates, breccias, sandstones, and felsic and mafic lavas.
Termination of the volcanic activity was marked by deposition of molasse sediments of the Butnaa Khudag Fm. represented by well-sorted conglomerates with layers of sandstones, marlstones and coal-bearing siltstones.
The Permian Shar Oroy Massif, which intruded the volcanic rocks of the Delger Khangay Fm., was coeval with the volcanic activity. Early Permian age of the intrusion is confirmed by the LA ICP-MS U-Pb zircon age of 285 ± 1.3 Ma. Geochemical and structural characteristics suggest that the Shar Oroy Massif and surrounding Permian volcanic suite represent an eroded, shallow-level plutonic centre and its eruptive cover.
The style of magmatic activity and its geochemical signatures suggest that it occurred during crustal extension. As they are composed of rocks with comparable geochemical fingerprint and age, traditional subdivision of the volcanic complexes of the Khar Argalant Mts. into Delger Khangay and Khar Argalant formations is rather artificial. They seem to represent lateral variations of an extensive volcanic complex that included predominately lava flows and associated pyroclastic rocks produced in a continental environment. Paleontological findings of flora indicate uniform, low diversity association of dry to intermediate conditions, resembling the "Cordaitean taiga" described from Siberia and amalgamated regions.
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